Introduction
The influence of errors imposed on workpiece by thermal deformation of machine tools has attracted wide attention. Studies have shown that 40-70% of the error in precision machining arises from thermal error [1] [2] [3] . It has become one of the most important research topics to fully consider the thermal performance optimized design in the machine tool design stage and to improve the machining precision. In recent years, the optimization methods for machine tool thermal performance can be divided into three categories.
One is structural optimization design for thermal characteristics. It optimizes or redesigns the structure of the key parts without changing the heating power of the thermal source of the machine tool, which results in a more uniform temperature distribution inside the machine tool. The thermal deformation generated between the spindle and the workbench caused by thermal expansion can mutually cancel each other, resulting in reduced thermal error and improved machining precision. The basic design theory is the "thermal plane of symmetry". And the finiteelement method is one of the main approaches for complex-structure machine tool thermal performance analysis and structural optimization research [4] .
Another is temperature control. By controlling the magnitude and distribution of the temperature for key parts, the objective of reducing spindle thermal deformation relative to the workbench can be achieved. Two major temperature control methods are installing heating components or installing cooling systems on the machine tool. The ultimate goal of both approaches is to achieve a balanced temperature field, reducing the thermal deformation of the machine tool [5] . At present, a widely adopted and effective method is forced cooling using cooling oil to remove the spindle-generated heat such that the thermal deformation of the machine tool is reduced.
The third is thermal deformation modeling and compensation. It is a method to improve machining precision during the cutting process after the machine tool design and manufacture are finished. The implementation of this method includes using experimental measurements on machine tool thermal deformation and temperature fields at the early stage, building the thermal deformation model using mathematical methods, and performing real-time compensation using NC programs. The major modeling methods include multivariable linear regression [6] , many-body theory [7] , the artificial neural network method [8] , and gray system theory [9] . The real-time compensation methods are commonly used for performance improvement of machine tools [10] [11] [12] [13] .
This paper mainly adopted proactive control methods to optimize the thermal performance and reconstruct the headstock of a vertical machining center. Therefore, a combination of methods using structural optimization design of thermal characteristics and temperature control are used to perform virtual evaluations of thermal performance for designed models, satisfy the required thermal performance constraints, and achieve a satisfactory effect. And by adopting the finite-element method to optimize the design parameters during the prototype design stage, it can also reduce a large amount of the experimental verification effort and development cost. One aspect is that of thermal performance structural optimization design, aimed at the weakest factor affecting the thermal performance (the headstock), which resulted in the conversion of the originally asymmetric structure to a symmetric structure in the X-direction. The other approach is to build thermalconduct troughs on both sides and the front of the headstock. By injecting cooling fluid into the troughs, we can cool the headstock and spindle, consequently reducing the temperature and thermal deformation of the entire vertical machining center.
2.
Thermal performance weakness analysis and reconstruction scheme of a machine tool headstock
Thermal performance weakness analysis
The identification and control of the thermal weaknesses were done through finite-element thermal performance simulation analysis. For the finite-element simulation of the temperature field and the thermal deformation of the vertical machining center, the thermal sources, the heat transfer boundary conditions including heat transfer coefficient and thermal contact resistance, and the thermophysical parameters of various machine tool materials were firstly determined. Based on the constructed simulation models, the whole-machine finite-element simulated temperature field distribution and thermal deformation are shown in Fig. 1 . As shown in the figure, heat was mainly concentrated around the spindle component and headstock, and a small portion of the heat was transferred to the column through the slider and rails due to the existence of joint thermal conduct resistance, although the column temperature elevation was very small. In addition, the temperature elevation was more significant at positions on the headstock and close to the spindle bearing and motor. The machine tool used a mechanical spindle for which the maximum rotational speed was 8000 rpm, and the spindle itself did not have a cooling circulation system. The spindle bearing radiated intense heat. This heat was transferred from the spindle to the surface of the headstock, where it relied on the natural convection of air for cooling. However, the cooling effect was insufficient, and the spindle components accumulated a large amount of heat and became significantly deformed. Due to the spindle sleeve, headstock hole, and headstock anterior wall are thin-walled structures, their temperature gradients became very large because of the internal heating of the spindle. On the one hand, these structures were inclined to expand because of the heat; on the other hand, they helped to create thermal flexion and extension because of the inconsistent thermal deformation caused by temperature differences as a result of thermal contact resistance. Comparing the thermal deformation along various axes, the sequence of directions along which deformation increased was the X-direction (5.3 m), the Y-direction (49.6 m), and the Z-direction (98.8 m). The main forms of thermal deformation affecting the machining precision were thermal expansion deformation and up-and-down movement along the Y-Z plane. Therefore, it can be concluded that the thermal performances in the Y-direction and Z-direction were the weakest links.
Because the headstock was asymmetry in the Xdirection, it was the major cause of the spindle shaft end thermal deformation in the X-direction. However, the headstock size in X-axis dimension is relatively small, and therefore, the thermal expansions in the X-positive and Xnegative directions can partly offset each other. The thermal deformation generated was much smaller compared with the thermal deformation in the Y-and Z-directions. Because the headstock size in the Y-direction was large and consisted of a cantilever structure, the thermal expansion in this direction was significantly greater than the expansion in the X-direction. The spindle motor was installed in the top middle position of the headstock. No other cooling devices were installed to facilitate the dissipation of heat, and therefore, the dissipation occurred only through the natural convective heat transfer to the air. The thermal deformation of the machine tool, coupled with each of the heated parts, caused an extreme temperature elevation for the anterior and central parts of the headstock and enhanced the thermal deformation in the Y-direction.
The main type of deformation exhibited in the Zdirection was expansion in the negative direction along the Z-axis. This result occurred because the spindle had a very large Z-direction dimension size. The heated spindle caused an elevated temperature in the spindle components. Therefore, the thermal expansion of the spindle components in the Z-direction caused the machine tool to experience greater thermal deformation in the Z-direction. In addition, the heat generated by the spindle bearing was transferred to the headstock, where it overlapped with the heat generated by the spindle motor. The thermal expansion and contraction generated in the headstock in the Z-direction also increased the heat deformation in the Z-direction.
To summarize, the heat dissipation for the headstock structure and spindle components is a critical issue affecting the thermal performance of this vertical machining center. To limit the thermal deformation of the vertical machining center in various directions, on the one hand, we install cooling devices to control the spindle temperature rise. On the other hand, we improve the headstock structure by increasing its thermal stiffness, consequently improving the thermal performance of the vertical machining center.
Thermal structure design and reconstruction scheme of the headstock
Based on the weakness analyses of the machine tool thermal performance and for the purposes of minimizing the cost, we proposed the following thermal structure design and reconstruction scheme: 1) Install a cooling fan on top of the spindle motor to reduce the heat transfer from the motor to the headstock and at the same time perform forced cooling on the spindle motor and headstock. 2) Apply "thermal plane of symmetry" theory to the headstock, converting the asymmetric structure to a symmetric structure along the X-axis. With a symmetric temperature field inside the headstock, the whole-machine thermal deformation can be reduced. 3) Design reasonable trough structures on both sides and at the front of the headstock, injecting cooling fluid to cool the headstock and thereby lowering the temperature rise and thermal deformation of the whole-machine. 4) Counteract the loss of stiffness caused by the cooling trough optimization and satisfy the whole-machine static and dynamic optimization requirements. To accomplish this objective, add oblique ribs on the top and right sides of the bottom of the headstock to improve the inner rib structure, increase the lateral rib span, increase the fillet radius of the inner ribs, and increase the thickness of the underside of the support plate.
Three-dimensional models of the headstock before and after the reconstruction are shown in Fig. 2 . Before reconstruction, the mass of the headstock was 295.2 kg; and the sizes in the X-, Y-and Z-directions were 385, 690, and 354 mm, respectively. The headstock was asymmetric along the X-axis. There were two oblique ribs on both the left and lower sides. There was no gap between the headstock hole and the headstock anterior wall. The generated heat was transferred directly to the spindle anterior wall through the headstock hole. The average temperature elevation was greater on the anterior wall. After reconstruction, the mass was 295.3 kg; and the sizes in the X-, Y-and Z-direction were 300, 775, and 335 mm, respectively. The headstock was symmetric along the X-axis. There were four oblique ribs distributed in four directions (up, down, left, and right) at the bottom of the headstock to improve the static, dynamic, and thermal stiffness of the headstock. This structural improvement kept the headstock mass unchanged, reduced the size in the X-and Z-directions, and increased the size in the Ydirection. According to stiffness analyses, it showed that the static and dynamic performances of the headstock were improved significantly. Based on thermal expansion theory, when the spindle bearing was heated, the heat received in the lower part was greater than the heat received in the upper part. On the one hand, the headstock experienced thermal expansion and deformation in the Z-direction; on the other hand, because one end of the headstock was fixed, the heat generated at this end was dissipated. The larger the size in the Y-direction, the bigger the values would be because of the upturning of the front end of the headstock in the Z-direction. Due to the changes in size of the headstock in the Y-and Z-directions, the thermal deformation of the machine tool in the Z-direction would decrease, and the deformation in the Y-direction would increase.
The rectangular cooling troughs A and B (20 mm wide and 4 mm thick) were designed symmetrically on both sides of the headstock. Cooling trough C was designed between the headstock hole and the headstock anterior wall. The height of cooling trough C was 148 mm. Its minimum width of 18 mm was the shortest distance between the exterior wall of the headstock hole and the inner wall of the headstock anterior wall. Because the thermal contact resistance for thermal transfer from the headstock hole to the headstock anterior wall was increased, the average temperature elevation of the headstock anterior wall was decreased, and the thermal deformation was reduced. 
where the Prandtl number, Pr , reflects the physical parameters of the coolant and can be calculated using Eq. (3): 
The forced convection heat transfer coefficient of the cooling fluid inside the rectangular trough α can be calculated using Eq. (6):
The equivalent diameters for the above formula can be calculated using Eq. (7):
where A is the cross-sectional area of the cooling trough in units of m 2 and U is the wetted perimeter in units of m. The cooling system of the vertical machining center is an oil cooler machine entitled Taiwan HBO-750PSA. The oil cooler power P was 2500 W, and the pump flow volume was 25 L/min. PT300 long-life emulsion was adopted as the cooling fluid for the cooling trough circulation cooling system; the kinematic viscosity of this fluid v was 32 mm 2 /s at 40°C, the density ρ was 876 kg/m 3 , the thermal conductivity λ was 0.144 W/(mK), and the specific heat capacity c p was 1955 J/(kgK). Based on the above data and formulas, we derived various parameters necessary for calculating the convective heat transfer coefficient between the cooling trough and the cooling fluid (as shown in Table 1 ). By replacing the headstock model in the wholemachine assembly and considering the cooling effect of the cooling trough, we performed a simulation analysis of the whole-machine thermal performance of the vertical machining center after structural reconstruction. Take the spindle rotational speed of 6000 rpm as an example, the whole-machine thermal performance modeling and simulation boundary conditions were calculated and set as follows: the single bearing heat power was 52.1 W; the forced-convection heat transfer coefficients of rotation surface of the spindle and tool shank and test bar surface were 158. 8 K, and the material thermophysical property was 20Cr, 45# steel used for machine spindle parts, and the material used for machine components (such as the headstock, column, table, saddle, bed) was HT300. The whole-machine initial temperature and environment temperature set to 24.3°C, and the wholemachine thermal performance simulation results including temperature field distribution and three-axis thermal deformation were shown in Fig. 3 . The simulation results for the temperature elevation of the critical points and the thermal deformation before and after the reconstruction are compared in Tables 2  and 3 . As is shown, after introducing the cooling function of the headstock cooling trough, the whole-machine thermal performance of the vertical machining center improved significantly. The temperature elevation at the front surface of the headstock around the spindle bearing (upper and lower points) and at points on the side of the headstock decreased by 29.7%, 41.4%, and 51.1%, respectively, compared with their values of the original structure. At the same time, the thermal deformation in the X-, Y-and Zdirections decreased 73.8%, 30.8%, and 55.7%, respectively, after the reconstruction. 
Experimental verification of the reconstruction scheme
According to the simulation results, a new headstock was designed and manufactured. To verify the improvement in thermal performance of the vertical machining center after reconstruction, this study adopted the machine tool thermal performance experimental method proposed in [18] to conduct experimental measurements on the whole-machine thermal properties of the vertical machining center. The test platform is shown in Fig. 4 . Thirty two platinum resistance temperature sensors were fixed onto the surface of the machine tool to get the temperature distribution. Two laser displacement sensors were fixed on the worktable to measure the thermal deformation of the X and Y axes. And an eddy current displacement sensor was placed below the bottom of the spindle test bar to detect the Z-axis thermal deformation. In addition, to evaluate the whole-machine thermal performance of the vertical machining center after the reconstruction, the same thermal performance test was also done on a HAAS vertical machining center, and we used its thermal characteristic parameters as the reference system for comparison.
To use the example of a 6000 rpm spindle rotational speed, the experimental results of the temperature elevation at critical points on the vertical machining center under the same running time before and after the reconstruction are compared in Table 4 . From Table 4 , after the reconstruction, the measured temperature elevation at the critical points on the machine tool decreased by approximately 29.8%, 34.7%, and 49.6%, respectively, compared with the values obtained without reconstruction. The temperature characteristics were under better control, and the results were consistent with the simulation data. Fig. 4 The temperature field and thermal deformation test platform after the reconstruction The displacement data acquisition system is programmed in the National Instruments LabVIEW. Because a 16-bit data acquisition card was used, the displacement measurement system could collect 1200 items of data per second in each channel. The system gets experimental data from the data acquisition card, and the data analysis and processing are carried by its specific software. The testing data processing method is that the output signal from the displacement sensors measures the geometric deformation, and then the thermal deformation data from the displacement measurement system were processed into a curve. The thermal deformation measurement curves along the X-, Y-, and Z-directions were shown in Fig. 5 . They were the red curves before the reconstruction (Before Opt. -X, -Y and -Z), green curves after the reconstruction without oil cooling (After Opt. -X, -Y and -Z), black curves after the reconstruction with oil cooling (After Opt. -X, -Y and -Z (oil cooling)), and blue curves of HAAS vertical machining center (HASS -X, -Y and -Z).
Based on comparison of the thermal deformation curves at 6000 rpm shown in Fig. 5 , some conclusions are drawn as follows: 1) In the X-direction, the differences in the thermal deformation values measured by four group of experimental data were minimal (the thermal deformation values in this figure were the raw data obtained through the original measurement, and the systematic errors introduced by the test device were not considered) and were no greater than 20 μm after thermal equilibrium was reached. Overall, the heating performance after the reconstruction was better than that before the reconstruction.
2) In the Y-direction, without turning on the cooling system, the optimized vertical machining center showed similar thermal deformation before and after the reconstruction within three hours of being powered on; when the cooling system was turned on, the thermal deformation was significantly reduced by approximately 30% relative to the deformation observed before the reconstruction, and this thermal performance was superior to that of the HAAS machine tool of the same type.
3) In the Z-direction, the thermal performance of the optimized vertical machining center was most evident and reached a steady state within one hour after booting. With the cooling system off, the thermal deformation steady-state value was approximately 60 μm, which was approximately 45% lower than the value obtained before the reconstruction. With the cooling system turned on, the steady-state value was approximately 43 μm, 60% lower compared with the value before the reconstruction. As with the Y-direction, the thermal performance in the Z-direction is superior to that of the HAAS machine of the same type.
From the above analyses of the experimental data, it appears that, by reconstructing the structure and adding a cooling trough to the headstock, the thermal performance of the machine tool was greatly improved, and the experimental and simulation results are in very close agreement. Fig. 5 Comparison of the thermal deformation curves of the whole-machine at 6000 rpm
Conclusion
In the digital design phase of the machine tool, by conducting the thermal structural optimization, controlling temperature levels and distribution of the key components of the machine, it can reduce the thermal deformation of the machine and improve the machining accuracy. This consideration has become one of the most critical issues in designing and manufacturing high-speed, high-precision CNC machines. In this paper, based on multiple optimization simulation runs on relevant parameters, such as the headstock structure and cooling trough layout, the selected final reconstruction scheme passed the finite-element simulation verification and the experimental prototype test verification. The thermal performance of the machine tool was improved significantly. The two main contributions of this paper are summarized below.
Firstly, based on the design requirements, through an analysis of the thermal performance weaknesses of a vertical machining center made by mass production, it presented a method to improve the machine tool thermal performance. Under the assumption that the power of the thermal source of the machine does not change, this approach resulted in the cooling of the headstock with the addition of a cooling fan near the main spindle motor, implementing a symmetric design for the headstock structure, and designing a cooling trough (adding an arch cooling trough in front of the main spindle, designing the cooling trough layout, and optimizing the width and depth dimensions of the troughs). This approach rendered the temperature more consistent inside the headstock, and reduced the temperature elevation and thermal errors of the wholemachine.
Secondly, through an analysis of the thermal transfer of the cooling trough of the headstock, the coefficient parameters were obtained for the forced convection heat exchange between the cooling troughs and the coolant, and a digital simulation model of the reconstructed machine tool was established. By comparing the thermal deformation simulation results before and after the reconstruction, the thermal performance of the reconstructed vertical machining center was shown to be improved. On this basis, the thermal performance experiments were carried out to verify the reconstruction schema. Compared with the results before the reconstruction (and with the HAAS machine tool), when turning on the circulating cooling system of the headstock, the thermal performance of the vertical machining center was found to be greatly improved, and the thermal deformations in the Y-and Zdirections were reduced by 30% and 60%, respectively.
